Osmium-isotope evidence for two pulses of increased continental weathering linked to Early Jurassic volcanism and climate change by Percival, LME et al.
  
Osmium-isotope evidence for two pulses of increased 1 
continental weathering linked to Early Jurassic volcanism and 2 
climate change 3 
 4 
L.M.E. Percival1*, A.S. Cohen2, M.K. Davies2†, A.J. Dickson1, S.P. Hesselbo3, H.C. 5 
Jenkyns1, M.J. Leng4,5, T.A. Mather1, M.S. Storm1, W. Xu1 6 
1 Department of Earth Sciences, University of Oxford, South Parks Road, Oxford, U.K., OX1 7 
3AN. 8 
2 Department of Environment, Earth and Ecosystems, Faculty of Science, The Open University, 9 
Walton Hall, Milton Keynes, U.K., MK 7 6AA. 10 
3 Camborne School of Mines and Environment and Sustainability Institute, University of Exeter, 11 
Penryn Campus, Penryn, Cornwall, U.K., TR10 9FE. 12 
4 British Geological Survey, Keyworth, Nottingham, U.K., NG12 5GG. 13 
5 School of Geography, University of Nottingham, Nottingham,U.K., NG7 2RD. 14 
†Now at: School of Geography, Earth and Environmental Sciences, Fitzroy Building, Plymouth 15 
University, Drake Circus, Plymouth, Devon, U.K., PL4 8AA.  16 
 17 
*Corresponding author – email address: lawrence.percival@earth.ox.ac.uk; tel.: +441865272041 18 
 19 
ABSTRACT 20 
Large Igneous Provinces (LIPs) are proposed to have caused a number of episodes of abrupt 21 
environmental change by increasing atmospheric CO2 levels, which were subsequently alleviated 22 
  
by drawdown of CO2 via enhanced continental weathering and burial of organic matter. Here, the 23 
sedimentary records of two such episodes of environmental change, the Toarcian Oceanic 24 
Anoxic Event (T-OAE) and preceding Pliensbachian–Toarcian (Pl–To) event (both potentially 25 
linked to the Karoo–Ferrar LIP), are investigated using a new suite of geochemical proxies that 26 
have not been previously compared. Stratigraphic variations in osmium-isotope (187Os/188Os) 27 
records are compared with those of mercury (Hg) and carbon isotopes (δ13C) in samples from the 28 
Mochras Core, Llanbedr Farm, Cardigan Bay Basin, Wales. These sedimentary rocks are 29 
confirmed as recording an open-marine setting by analysis of molybdenum/uranium enrichment 30 
trends, indicating that the Os-isotope record in these samples reflects the isotopic composition of 31 
the global ocean. The Os-isotope data include the first results across the Pl–To boundary, when 32 
seawater 187Os/188Os increased from ∼ 0.40 to ∼ 0.53, in addition to new data that show elevated 33 
187Os/188Os (from ∼ 0.42 to ∼ 0.68) during the T-OAE. Both increases in 187Os/188Os correlate 34 
with negative carbon-isotope excursions and increased mercury concentrations, supporting an 35 
interplay between terrestrial volcanism, weathering, and climate that was instrumental in driving 36 
these distinct episodes of global environmental change. These observations also indicate that the 37 
environmental impact of the Karoo–Ferrar LIP was not limited solely to the T-OAE. 38 
 39 
INTRODUCTION 40 
 Oceanic Anoxic Events (OAEs) were times of abrupt carbon-cycle perturbations, driven 41 
by increases in atmospheric CO2 proposed to result, at least partially, from the emplacement of 42 
Large Igneous Provinces (LIPs). Enhanced continental weathering and widespread organic-43 
matter burial are proposed to have subsequently drawn down the excess CO2, alleviating the 44 
carbon-cycle perturbation (Jenkyns, 2010). The Early Jurassic Toarcian OAE (T-OAE: 183Ma) 45 
  
was one such event: geochemical evidence for LIP volcanism, oceanic anoxia, release of carbon 46 
to the atmosphere, and increased continental weathering rates, are found in a number of 47 
sedimentary sections (reviewed in Jenkyns, 2010; see also Brazier et al., 2015; Percival et al., 48 
2015). However, there remains no single sedimentary record where evidence for volcanic 49 
activity, carbon-cycle perturbation, and enhanced weathering rates are compared using proxy 50 
data from the same succession. This situation is also the case for a preceding event during the 51 
Pliensbachian–Toarcian (Pl–To) transition, which took place less than a million years prior to the 52 
T-OAE and has also been associated with a carbon-cycle perturbation and an episode of LIP 53 
volcanism (Littler et al., 2010; Percival et al., 2015). Thus, the relationship between such 54 
processes during the T-OAE is based upon comparisons of geochemical proxies across multiple 55 
sedimentary sections which may not be precisely synchronous. 56 
This study integrates new osmium-isotope data with both new and previously published 57 
results recording mercury (Hg) concentrations and carbon isotopes (δ13C) from a single record to 58 
investigate the relationships between volcanism, weathering, and the carbon cycle during 59 
Pliensbachian–Toarcian times. Large-scale volcanism during the Toarcian has previously been 60 
inferred from elevated concentrations of sedimentary Hg of assumed volcanogenic origin 61 
(Percival et al., 2015), and attributed to the Karoo–Ferrar LIP, which is radiometrically dated at 62 
∼183Ma and therefore Toarcian in age (e.g. Rampino and Strothers, 1988; Duncan et al., 1997; 63 
Svensen et al., 2012; Burgess et al., 2015). Volcanism is known to release gaseous Hg, which 64 
has an atmospheric residence time of 1–2 years, allowing global distribution before it is 65 
deposited in sediments. Thus, volcanic activity may be recorded as enrichments in sedimentary 66 
Hg, typically normalized against total organic carbon (TOC) to account for its strong association 67 
with organic matter (Sanei et al., 2012, and references therein). 68 
  
Changes in continental weathering rates can be estimated from the records of seawater 69 
osmium-isotope composition (Cohen et al., 1999), which is controlled by proportional mixing of 70 
radiogenic fluxes from both fluvial input (187Os/188Os of ∼1.4) and the alteration and weathering 71 
of juvenile basalts (187Os/188Os of ∼0.12). Past seawater 187Os/188Os ratios calculated from a 72 
sedimentary sample are expressed as 187Os/188Os(i), after accounting for additional radiogenic Os 73 
produced via decay of 187Re to 187Os after deposition (see Appendix A for further details of the 74 
Re–Os proxy). Strata recording the T-OAE in Yorkshire, England, show an increase in 75 
187Os/188Os from ∼0.3 to ∼0.9, from which a major (400–800%) increase in continental 76 
weathering rates was inferred (Cohen et al., 2004). However, this section is thought to have been 77 
deposited in a relatively restricted marine setting that had limited interchange with the global 78 
ocean. Thus, the seawater 187Os/188Os may have evolved away from the global composition 79 
towards that of local input fluxes (McArthur et al., 2008). 80 
The Mochras Borehole (Llanbedr Farm, Cardigan Bay, Wales, U.K.; Figure 1) cored a 81 
stratigraphically expanded section of Lower Jurassic calcareous mudrock, containing terrigenous 82 
and marine organic matter (0.5–2 wt% TOC in the interval of interest), and detrital clastics likely 83 
derived from the Welsh Massif (O’Sullivan et al., 1972). Both organic carbon and carbonate 84 
document negative excursions in δ13C at the Pl–To boundary and T-OAE level (Jenkyns and 85 
Clayton, 1997; this study). Paleogeographic reconstructions indicate a hydrographically open 86 
setting (Sellwood and Jenkyns, 1975), allowing Os isotopes to be well mixed within the global 87 
ocean. This model is tested here by analysis of molybdenum (Mo) and uranium (U) sedimentary 88 
enrichments, which have been shown to vary depending on redox conditions and levels of 89 
hydrographic restriction in recent marine sediments (Algeo and Tribovillard, 2009). 90 
 91 
  
METHODS 92 
Samples were prepared for Re-Os analysis at The Open University using procedures 93 
adapted from Cohen and Waters (1996) and Birck et al. (1997): see Appendix A. Os-isotope 94 
compositions and concentrations were determined by isotope dilution and negative thermal 95 
ionization mass spectrometry on a Thermo Finnigan Triton, and Re concentrations were 96 
determined by isotope dilution and multiple-collector inductively coupled plasma mass 97 
spectrometry (ICP-MS) on a Thermo Finnigan Neptune. 98 
 Mo, U and Al abundances were determined using a Thermo-Finnegan Element 2 99 
magnetic-sector ICP-MS at the University of Oxford. New Hg and TOC data were generated 100 
using a RA-915 Portable Mercury Analyzer with PYRO-915 Pyrolyzer (Lumex), and Rock Eval 101 
6, respectively, at the University of Oxford, using the methods given in Percival et al. (2015). 102 
New δ13Corg data were generated by combustion in a Costech Elemental Analyzer on-line to a 103 
VG TripleTrap and Optima dual-inlet mass spectrometer at the British Geological Survey 104 
(Keyworth), as for Riding et al. (2013): see Appendix B. 105 
 106 
RESULTS AND DISCUSSION 107 
Variations in Mo and U enrichment trends for samples from Mochras and Yorkshire are 108 
shown in Figure 2. The Mochras data show a trend of initial U enrichment, followed by 109 
increasing Mo enrichment, indicative of an unrestricted open-marine setting (Algeo and 110 
Tribovillard, 2009). Therefore, 187Os/188Os(i) trends recorded in Mochras samples are likely 111 
representative of worldwide trends in the seawater Os-isotope composition. The 187Os/188Os(i) 112 
data for the Mochras samples are presented stratigraphically in Figure 3, alongside δ13Corg and 113 
Hg/TOC data from the same sediments, and published δ13Corg and 187Os/188Os(i) data from 114 
  
Yorkshire. Although there is notable variation in 187Os/188Os(i) values of the Pliensbachian 115 
samples, only one value exceeds 0.44. The average 187Os/188Os(i) of ∼0.4 for Pliensbachian 116 
samples is therefore taken as a reasonable baseline against which to compare the Toarcian 117 
values. An increase in 187Os/188Os(i) to ∼0.53 occurs at the Pliensbachian–Toarcian boundary and 118 
persists through the lower half of the tenuicostatum ammonite Zone, suggesting an increased flux 119 
of radiogenic Os to the ocean resulting from enhanced weathering of continental material. An 120 
increase in seawater 187Os/188Os at the Pl–To boundary has not been previously documented, and 121 
such an abrupt and significant rise in seawater 187Os/188Os is difficult to explain without invoking 122 
rapid changes in continental weathering rates. The return of seawater 187Os/188Os to background 123 
values (∼0.42) throughout the upper half of the tenuicostatum Zone further indicates that the 124 
transient increase in continental weathering during the Pl–To transition was part of a distinct 125 
climate-weathering feedback, rather than the beginning of a long-term increase in weathering 126 
rates leading up to the T-OAE. 127 
The lower part of the falciferum Zone records a second increase in 187Os/188Os(i) values to 128 
an average of ∼0.68 at the base of the T-OAE level, indicating that, during the T-OAE, a second 129 
increase in continental weathering took place, appreciably greater than the one that occurred 130 
during the Pl–To transition. The onset of this increase correlates well with the similar pattern of 131 
increased 187Os/188Os(i) in Yorkshire, supporting the previous inferences of globally elevated 132 
continental weathering rates during the T-OAE (Cohen et al., 2004). Additionally, both the Pl–133 
To and T-OAE increases in 187Os/188Os correlate with perturbations observed in Toarcian Sr- and 134 
Ca-isotope records from Yorkshire and Portugal that have previously been used to infer increases 135 
in continental weathering rates (Palfy and Smith, 2000; Cohen et al., 2004; Brazier et al., 2015). 136 
However, the new 187Os/188Os trends are a better indication of geologically abrupt increases in 137 
  
continental weathering rates due to the much shorter residence time of osmium in the ocean 138 
(∼10–50 kyrs: Peucker-Ehrenbrink and Ravizza, 2000) compared with that of Ca or Sr. 139 
These two increases in seawater 187Os/188Os document two separate pulses of increased 140 
global weathering rates during the Pl–To transition and T-OAE, respectively. If the ocean is 141 
considered as a single well-mixed reservoir, with continental weathering as the only input of 142 
radiogenic Os and alteration of juvenile basalts as the main input of unradiogenic Os, the 143 
changes in weathering flux of continental crust required to bring about the observed increases in 144 
187Os/188Os can be calculated, assuming that mid-ocean ridge activity is constant on geologically 145 
short timescales (Appendix D). The increase in seawater 187Os/188Os from ∼0.4 in the latest 146 
Pliensbachian to ∼0.53 during the Pl–To transition would require a near doubling of continental 147 
weathering rates, increasing by a factor of ∼1.69. The subsequent rise in seawater 187Os/188Os, 148 
from ∼0.42 to ∼0.68, during the T-OAE demands a near tripling of continental weathering rates, 149 
increasing by a factor of ∼2.58. Moreover, these values are minimum estimates because subaerial 150 
weathering of the coevally emplaced Karoo–Ferrar LIP would have contributed additional 151 
unradiogenic osmium to the oceans, although the impact of such LIP-derived Os is ambiguous. 152 
The above estimates of weathering rate increases are lower than the 400–800% estimate 153 
of Cohen et al. (2004). However, the pattern of Mo/U enrichment in samples from Yorkshire 154 
indicates particulate shuttling of Mo in a hydrographically restricted basin, in contrast to the 155 
more open-marine environment preserved in the Mochras core. Consequently, the increase in 156 
187Os/188Os at Yorkshire is likely exaggerated due to the particular marine setting at that location. 157 
Nonetheless, the two records in tandem confirm that a pronounced and abrupt increase in 158 
continental weathering rates coincided precisely with the environmental perturbations that 159 
occurred during the T-OAE. 160 
  
The increases in seawater 187Os/188Os also correlate with changes in Hg/TOC and δ13Corg 161 
recorded in the same samples at both the Pl–To boundary and the base of the T-OAE level. 162 
Negative δ13C and positive Hg/TOC excursions have been previously hypothesized to indicate 163 
increased output of isotopically light carbon to the atmosphere and large-scale volcanic activity, 164 
respectively (Hesselbo et al., 2000; Percival et al., 2015). The correlation of all three proxies 165 
suggests that volcanism and carbon-cycle perturbations were accompanied by increased rates of 166 
continental weathering. This conclusion supports previous hypotheses that volcanism triggered a 167 
carbon-cycle perturbation, which was eventually alleviated through a feedback of increased 168 
silicate weathering as well as organic-carbon burial (summarized in Jenkyns, 2010). Although 169 
such a mechanism has previously been proposed for the T-OAE (Cohen et al., 2004), the data 170 
presented here indicate that similar processes operated during the Pl–To transition. 171 
The two intervals of perturbed 187Os/188Os, Hg/TOC and δ13Corg are separated by the 172 
latter part of the tenuicostatum Zone, which is thought to have lasted hundreds of thousands of 173 
years (Kemp et al., 2011). Consequently, any volcanically related trigger of these perturbations 174 
would need to have operated on at least two separate occasions. Burgess et al. (2015) record a 175 
600kyr age difference between Karoo and Ferrar basalts, which could support the notion of 176 
episodic LIP volcanism. However, the uncertainties in such measurements, as well as their 177 
similarity with the ages of many Karoo basalts (Svensen et al., 2012), means that there is no 178 
unambiguous evidence for episodic emplacement of the Karoo–Ferrar LIP. An alternative 179 
hypothesis could involve sporadic interaction of LIP basalts with organic-rich sediments causing 180 
output of thermogenic carbon and mercury (McElwain et al., 2005; Svensen et al., 2007; 181 
Percival et al., 2015). 182 
  
The increase in seawater 187Os/188Os recorded during both the Pl–To transition and T-183 
OAE may have been aided by the high-latitude, subaerial emplacement of the Karoo–Ferrar 184 
LIP. Intervals associated with low-latitude subaerial LIPs such as the Central Atlantic or Deccan 185 
Provinces, or submarine LIPs such as the Ontong-Java or Caribbean Plateaus tend to record 186 
predominantly decreased seawater 187Os/188Os, due to the rapid weathering of LIP basalts at low 187 
latitudes (Cohen and Coe, 2007), or direct release of unradiogenic Os into the oceans (Bottini et 188 
al. 2012; Du Vivier et al., 2014). In contrast, a high-latitude LIP would have experienced less 189 
intense weathering compared to continental material from lower latitudes, causing an increased 190 
flux of radiogenic Os to dominate the seawater 187Os/188Os record, as shown here for Mochras 191 
and previously for Yorkshire (Cohen et al., 2004). Similar signals of predominantly increased 192 
seawater 187Os/188Os are also recorded from Paleocene–Eocene sediments that formed 193 
contemporaneously with the high-latitude North Atlantic LIP (Dickson et al., 2015; see summary 194 
in supplementary table). Thus, comparison of Os-isotope records highlights the importance of the 195 
setting of LIP emplacement, as well as the magnitude and tempo of volcanism, in controlling the 196 
nature of subsequent environmental change. 197 
 198 
CONCLUSIONS 199 
 This study documents two relatively rapid and transitory increases in the 187Os/188Os of 200 
seawater during latest-Pliensbachian–Early Toarcian time. The 187Os/188Os increases correlate 201 
well with excursions in Hg/TOC and δ13Corg, thus demonstrating a close coupling between 202 
volcanism, weathering, and carbon-cycle perturbations in two distinct Early Jurassic events. The 203 
similarity of these events, separated by only a few hundred thousand years, is consistent with a 204 
repeating trigger for the cascade of environmental responses, postulated as linked to sequential 205 
  
emplacement of the Karoo–Ferrar LIP or sporadic release of thermogenic volatiles. The new 206 
observations demonstrate that major environmental perturbations in the Early Jurassic were 207 
episodic, and not solely restricted to the T-OAE. 208 
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FIGURE CAPTIONS 323 
Figure 1. Global paleogeography during the Toarcian, modified from Hesselbo et al. (2007). The 324 
dark gray area represents marine areas of Europe thought to have been hydrographically 325 
restricted during the Toarcian. The three marked locations are Mochras (M), Yorkshire (Y), and 326 
the Karoo–Ferrar LIP (K). 327 
 328 
Figure 2. Comparison of the paleoenvironmental settings at Yorkshire and Mochras using Mo/U 329 
enrichment ratios, following the model of Algeo and Tribovillard (2009). Yorkshire data are 330 
from the supplementary data in McArthur et al. (2008). Mo/Usw indicates the modern-day Mo/U 331 
ratio of seawater. MoEF and UEF indicate the calculated enrichment factor of molybdenum and 332 
uranium, respectively, relative to average upper continental crust (UCC) abundances (Rudnick 333 
and Gao, 2003), using ([element/Al]sample /[element/Al]UCC). 334 
 335 
Figure 3. δ13Corg and 187Os/188Os(i) data from Mochras and Yorkshire, and Hg/TOC ratios from 336 
Mochras. Line A marks the Pl–To boundary; line B marks the onset of the T-OAE as defined by 337 
the lowest appearance of organic-rich shales in Yorkshire, which is broadly coincident with the 338 
  
onset of the δ13C negative excursion; line C marks the end of the δ13C negative excursion. The 339 
gray shaded area marks the stratigraphic width of the δ13C negative excursion. Stratigraphic 340 
heights are in meters; Stage refers to the Stage in geological time; Zone to biostratigraphic 341 
ammonite Zones that subdivide that Stage. Plien. and spin. abbreviate Pliensbachian and 342 
spinatum, respectively. For δ13C and Hg/TOC data from Mochras, closed circles illustrate 343 
published data, and open circles illustrate new data. The δ13Corg Yorkshire data are at too high a 344 
resolution to include individual data points. Published data are sourced as follows: δ13Corg data 345 
from Mochras from Jenkyns et al. (2001), and from Yorkshire from Cohen et al. (2004), Littler 346 
et al. (2010), and Kemp et al. (2011); Os-isotope data from Yorkshire are from Cohen et al. 347 
(2004); Hg/TOC data from Mochras are from Percival et al. (2015). Preliminary 187Os/188Os(i) 348 
data from the Toarcian of western North America show broadly similar patterns (Them et al., 349 
2015). 350 
 351 
 352 
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Supplement	A:	Use	and	preparation	of	Osmium	isotopes	
A–1:	The	Re-Os	proxy	A	key	property	of	osmium	as	an	ocean	chemistry	proxy	is	its	seawater	residence	time	of	10–50ka	(Peucker-Ehrenbrink	and	Ravizza,	2000).	This	residence	time	is	sufficiently	long	for	the	oceans	to	be	well	mixed,	whilst	short	enough	to	record	geologically	abrupt	changes.	Variations	in	continental	weathering	rates	may	be	reflected	in	the	187Os/188Os	ratio	of	seawater,	due	to	changes	in	the	balance	between	the	two	major	fluxes	to	the	oceans.	Rhenium	and	osmium	have	markedly	different	compatibility	in	silicate	melts;	consequently,	the	primitive	lithospheric	mantle	is	more	enriched	in	Os/Re	compared	to	the	continental	crust.	Over	time,	the	radioactive	decay	of	crustal	187Re	enriches	the	continental	crust	in	radiogenic	187Os.	As	a	result,	primitive,	mantle	derived,	basalts	have	relatively	unradiogenic	187Os/188Os	ratios	of	∼0.12	(Sharma	et	al.,	1999)	whilst	continental	crust	has	a	radiogenic	187Os/188Os	ratio	of	∼1.4	(Peucker-Ehrenbrink	and	Jahn,	2001).	Any	change	in	the	relative	flux	of	those	two	sources	to	the	ocean	will	affect	the	overall	187Os/188Os	ratio	of	seawater.	For	example,	higher	continental	weathering	rates	relative	to	the	activity	of	mid-ocean	ridge	basalts	will	substantially	increase	seawater	187Os/188Os	(refer	to	Cohen	et	al.	1999).		Osmium	is	concentrated	from	seawater	in	organic-rich	sediments,	potentially	allowing	accumulating	organic-rich	sediments	to	record	the	contemporaneous	seawater	187Os/188Os.	Rhenium	is	also	concentrated	in	organic-rich	sediments,	in	which	187Re	decays	to	produce	radiogenic	187Os.		Knowledge	of	the	present-day	187Os/188Os	of	a	rock	sample	allows	the	Os-isotope	composition	of	the	sample	at	the	time	of	sediment	deposition	(expressed	as	187Os/188Os(i))	to	be	calculated,	if	the	age	and	Re	and	Os	concentrations	of	the	sample	are	also	known,	and	if	the	system	has	been	isotopically	‘closed’	since	sediment	deposition	(e.g.	Cohen	et	al.	1999).		Because	most	(often	98+%)	of	the	Os	in	organic-rich	samples	is	hydrogenous	(and	if	all	the	previous	conditions	are	met),	then	for	the	187Os/188Os	of	contemporaneous	seawater	can	be	inferred.	
	
A–2:	Methods		 The	separation	of	Re	and	Os	from	samples	by	carius	tube	chemistry,	and	the	preparation	and	analysis	by	mass	spectrometry	of	osmium	follows	the	procedure	of	Cohen	and	Waters	(1996).	The	preparation	and	analysis	by	mass	spectrometry	of	rhenium	are	based	on	the	procedures	detailed	in	Birck	et	al.	(1997),	Fehr	et	al.	(2011),	and	Dickson	et	al.	(2015).	The	final	stage	of	this	procedure	was	amended	to	carry	out	the	final	dissolution	of	samples	into	2%	HNO3	spiked	with	40ppb	Ir.	Os-isotope	compositions	and	concentrations	were	determined	by	isotope	dilution	and	negative	thermal	ionization	mass	spectrometry	on	a	Thermo	Finnigan	Triton,	and	Re	concentrations	were	determined	by	isotope	dilution	and	multiple-collector	inductively	coupled	plasma	mass	spectrometry	(ICP-MS)	on	a	Thermo	Finnigan	Neptune.	All	preparations	and	analyses	were	carried	out	at	the	Open	University.		Measured	187Os/188Os	ratios	were	normalised	to	192Os/188Os	=	3.08271.	All	data	were	blank	corrected	using	averaged	data	for	4	procedural	blanks	run	over	the	course	of	the	analysis	
(187Os/188Os	=	0.1633).	Os	concentrations	for	the	blanks	were	<	1	pg,	so	blank	contributions	were	consistently	<	1	%.	Precision	of	187Os/188Os	analyses	was	<	0.2	%	(2	s.d),	determined	from	6	measurements	of	a	DTM	Os	standard	solution;	187Os/188Os	=	0.173875±0.005707	(2σ).	In	addition,	3	measurements	of	the	USGS	standard	reference	material	SDO-1	were	included	to	give	an	indication	of	analytical	uncertainty	–	[Os]	=	589	ppt	(2	s.d.	=	1.3),	187Os/188Os	=	7.94925	±0.075575	(2σ).	For	rhenium	analyses,	instrumental	mass	fractionation	was	calculated	and	corrected	by	reference	to	added	Ir	(193Ir/191Ir	ratio	of	1.68299).	The	total	Re	procedural	blanks	were	<	10	ppt,	thus	blank	contributions	were	generally	<	0.02	%.	Three	analyses	of	SDO-1	gave	an	average	Re	concentration	of	76.55	ppb	(2	s.d.	=	0.02).					References:	Birck,	J.L.,	Barman,	M.R.	and	Capmas,	F.,	1997,	Re-Os	Isotopic	Measurements	at	the	Memtomole	Level	in	Natural	Samples:	Geostandards	Newsletter,	v.	21,	p.	19–27,	doi:10.1111/j.1751-908X.1997.tb00528.x.	Cohen,	A.S.,	and	Waters,	F.G.,	1996,	Separation	of	osmium	from	geological	materials	by	solvent	extraction	for	analysis	by	thermal	ionisation	mass	spectrometry:	Analytica	Chimica	Acta,	v.	32,	p.	269–275,	doi:1016/0003-2670(96)00226-7.		Cohen,	A.S.,	Coe,	A.L.,	Bartlett,	J.M.	and	Hawkesworth,	C.J.,	1999,	Precise	Re-Os	ages	of	organic-rich	mudrocks	and	the	Os	isotope	composition	of	Jurassic	seawater.	Earth	and	Planetary	Science	Letters,	167,	p.	159–173,	doi:10.1016/S0012-821(99)00026-6.	Dickson,	A.J.,	Cohen,	A.S.,	Coe,	A.L.,	Davies,	M.,	Shcherbinina,	E.A.	and	Gavrilov,	Y.O.,	2015,	Evidence	for	weathering	and	volcanism	during	the	PETM	from	Arctic	and	Peri-Tethys	osmium	isotope	records:	Palaeogeography,	Palaeoclimatology,	Palaeoecology,	v.	438,	p.	300–307,	doi:10.1016/j.palaeo.2015.08.019.	Fehr,	M.,	Izon,	G.,	Dickson,	A.,	Davies,	M.,	Cohen,	A.:	Rhenium	concentration	and	isotopic	analysis	by	MC-ICPMS,	European	Winter	Conference	on	Plasma	Spectrochemistry,	Zaragoza	(February,	2011).	Peucker-Ehrenbrink,	B.	and	Jahn,	B.,	2001,	Rhenium-osmium	isotope	systematics	and	platinum	group	element	concentratios:	Loess	and	the	upper	continental	crust.	Geochemistry,	Geophysics,	Geosystems,	2,	doi:10.1029/2001GC000172.	Peucker-Ehrenbrink,	B.	and	Ravizza,	G.,	2000,	The	marine	osmium	isotope	record.	Terra	Nova,	12,	p.	205–219,	doi:10.1046/j.1365-3121.2000.00295.x.	Sharma,	M.,	Wasserburg,	G.J.,	Hofmann,	A.W.	and	Chakrapani,	G.J.,	1999,	Himalayan	uplift	and	osmium	isotopes	in	oceans	and	rivers.	Geochimica	et	Cosmochimica	Acta,	63,	p.	4005–4012.			
Supplement	B:	Analysis	of	Hg,	TOC,	Mo,	U,		and	Al,	and	δ13Corg		
B–1:	Hg	analysis	Hg	analyses	were	carried	out	at	the	University	of	Oxford,	following	the	methods	described	in	Percival	et	al.	(2015).	50±2	mg	of	powdered	sample	were	weighed	out	into	a	glass	boat,	and	placed	into	a	PYRO-915	Pyrolyzer	(Lumex),	set	at	Mode	1.	The	gas	(including	mercury)	burned	off	was	then	fed	into	a	RA-915	Portable	Mercury	Analyzer	which	was	connected	to	the	Pyrolyzer,	and	the	mercury	abundance	analysed.	For	each	sample,	two	measurements	were	taken	of	50±2	mg	of	material,	with	a	third	taken	if	the	two	measurements	were	not	within	10%	of	the	average.		Peat	(NIMT/UOE/FM/001	–	Inorganic	Elements	in	Peat)	with	a	known	mercury	concentration	of	169±7	mg	was	used	a	standard.	Six	standards	of	various	masses	were	analysed	prior	to	running	any	rock	samples	in	order	to	calibrate	the	Analyzer;	thereafter	a	further	standard	of	50±2	mg	would	be	run	after	every	ten	rock	samples.	Analytical	uncertainty	was	±10%.		
	
B–2:	TOC	analysis		 TOC	analyses	were	done	on	a	Rock	Eval	6	at	the	University	of	Oxford,	following	the	methods	described	in	Espitalé	et	al.	(1977)	and	Percival	et	al.	(2015).	20–30mg	of	powdered	rock	sample	were	weighed	into	a	gauze	crucible,	and	their	precise	mass	determined.	A	full	Rock	Eval	carousel	was	loaded	with	48	crucibles,	typically	40	of	which	were	rock	samples,	with	8	standards	consisting	chiefly	of	an	internal	standard	(SAB	134:	mudrock	from	St	Audries	Bay,	U.K.)		and	international	standard	IFP	160000.		 In	the	Rock	Eval,	samples	spent	25	minutes	in	a	pyrolysis	furnace,	which	heated	them	to	650	˚C	in	purified	nitrogen,	allowing	the	lower	molecular	weight	compounds	to	be	removed	without	oxidation.	The	sample	was	then	removed	from	the	pyrolysis	furnace	and	automatically	placed	into	an	oxidation	furnace,	where	purified	air	was	fed	through	the	sample	at	850	˚C	to	remove	organic	matter.	The	abundance	of	CO	and	CO2	was	analysed	to	give	the	TOC	percentage	of	the	rock	sample.	Analytical	uncertainty	was	±2%.		
B–3:	Elemental	concentration	(Mo,	U,	Al)	analysis		 	Approximately	50	mg	of	rock	sample	powder	was	weighed	into	a	savillex	beaker	and	it’s	precise	mass	determined.	2	ml	of	16M	HNO3	and	1	ml	of	27M	HF	were	added,	and	the	samples	digested	in	a	hot	block	set	to	100	˚C	for	24	hours.	The	samples	were	then	removed	from	the	hot	block	to	cool	slightly,	their	lids	rinsed	with	milli-Q	water	and	the	rinsing	returned	to	the	beaker,	and	the	beakers	returned	to	the	hot	block	to	dry	down	(with	the	lids	upturned	to	dry	off).		
Once	dried	down,	another	2	ml	of	16M	HNO3	was	added,	and	again	left	overnight	to	digest.	Once	again	the	beakers	were	dried	down	as	described	above,	before	another	overnight	digestion	in	2	ml	of	16M	HNO3.	Once	this	HNO3	had	been	dried	down,	1.3	ml	of	HNO3	and	0.7	ml	of	milli-Q	water	was	added,	and	left	to	reflux	for	at	least	24	hours	until	the	contents	were	completely	in	solution.	The	solutions	were	left	to	cool,	and	then	each	digested	sample	emptied	in	to	a	centrifuge	tube,	and	topped	up	with	milli-Q	water	to	give	a	total	volume	of	10	ml	(and	a	total	dilution	factor	of	200).	For	major-element	analysis	(Al),	the	samples	were	diluted	twice	more	in	2%	HNO3,	first	by	a	factor	of	200,	and	finally	by	a	factor	of	100,	to	give	a	total	dilution	of	∼4,000,000-fold	by	volume.	For	trace-element	analysis	(Mo	and	U),	samples	were	diluted	in	2%	HNO3	by	a	further	factor	of	50,	to	give	a	total	dilution	of	∼10,000-fold.	Major-	and	trace-element	analyses	were	performed	using	a	Thermo-Finnegan	Element	2	magnetic-sector	ICP-MS	at	the	University	of	Oxford.	For	major-element	analysis,	calibration	standards	were	1ppb,	5ppb,	10ppb,	20ppb,	and	50ppb,	with	two	10ppb	QC	standard	solutions	that	averaged	10.224ppb±0.204	(2σ)	for	Al.	For	trace-element	analysis,	calibration	standards	were	1ppt,	10ppt,	50ppt,	500ppt,	10ppb,	and	100ppb,	with	four	5ppb	QC	standard	solutions	that	averaged	5.100±0.308ppb	(2σ)	for	Mo,	and	4.804±0.339ppb	(2σ)	for	U.		
B–4:	δ13Corg	analysis		 Approximately	1	g	of	powdered	rock	sample	was	weighed	into	a	50	ml	centrifuge	tube,	and	45	ml	of	3M	HCl	was	added	to	decarbonate	the	sample.	The	centrifuge	tube	was	then	placed	into	a	70	˚C	water	bath	for	several	hours	or	overnight	until	decarbonation	was	completed.	The	samples	were	then	centrifuged	and	the	acid	removed.	For	high	sulphur	content	samples,	the	above	steps	could	be	removed	to	ensure	that	all	sulphur	was	removed.			 Once	all	carbonate	and	sulphur	was	removed,	the	centrifuge	tubes	would	be	filled	up	with	deionised	water,	centrifuged,	a	pH	taken,	and	then	decanted.	This	‘rinsing’	step	would	be	repeated	until	the	pH	was	approximately	neutral.	After	the	final	decanting	of	deionised	water,	the	samples	would	be	oven	dried	at	about	40	˚C	(a	low	temperature	to	avoid	breakdown	of	organics),	and	then	removed	from	their	respective	centrifuge	tubes	and	repowdered.	The	decarbonated	samples	would	then	be	weighed	out	into	tin	foil	capsules,	with	the	precise	weight	dependant	on	their	TOC	content	to	ensure	that	there	was	40	µg	of	pure	carbon	in	the	sample	(e.g.	4	mg	of	rock	for	a	sample	containing	1%wt	TOC).		 13C/12C	analysis	was	performed	in	a	Costech	Elemental	Analyser	connected	to	a	VG	TripleTrap	and	Optima	dual-inlet	mass	spectrometer	at	the	British	Geological	Survey	(Keyworth),	and	follows	the	methods	described	in	Riding	et	al.	(2013).	The	tin	foil	wrapped	samples	were	loaded	into	the	carousel	of	the	Analyser	and	sequentially	dropped,	in	a	continuous	flow	of	helium	carrier	gas,	into	a	1020oC	furnace.	The	samples	were	oxidized	following	a	pulse	of	oxygen	gas,	with	the	product	gases	further	oxidised	by	chromium	and	cobaltous	oxide	in	the	lower	part	of	the	furnace.	After	removal	of	excess	oxygen	and	water	(by	
passage	through	hot	copper	and	magnesium	perchlorate),	the	remaining	N2	and	CO2	then	passed	through	a	GC	column	and	by	a	thermal	conductivity	detector,	generating	an	electrical	signal	proportional	to	the	concentrations	of	N2	and	CO2	present	in	the	helium	stream.	This	signal	enables	the	%N	and	%C	of	each	sample	to	be	calculated.	Thereafter	the	helium	steam	carries	the	N2	and	CO2	through	a	trap	at	–90oC	(for	complete	removal	of	water),	before	reaching	the	Triple	Trap	held	at	-196oC,	freezing	the	CO2	whilst	allowing	the	N2	and	helium	to	vent	to	atmosphere.	The	TripleTrap	is	then	evacuated	before	warming	the	CO2	trap	and	expanding	the	sample	CO2	into	the	inlet	of	the	Optima.	The	Optima	mass	spectrometer	has	triple	collectors	allowing	simultaneous	monitoring	of	CO2	ion	beams	at	m/e	=	44,	45	and	46;	and	a	dual-inlet	allowing	rapid	comparison	of	sample	CO2	compared	with	a	reference	CO2.	45/44	ratios	are	converted	to	13C/12C	ratios	after	correction	for	common	ion	effects	(‘Craig’	correction).	From	knowledge	of	the	laboratory	standard’s	δ13C	value	versus	VPDB	(derived	from	regular	comparison	with	international	calibration	and	reference	materials	NBS-18,	NBS-19	and	NBS-22),	the	13C/12C	ratios	of	the	unknown	samples	are	converted	to	δ13C	values	versus	VPDB.		References:	Espitalié,	J.,	Madec,	M.,	Tissot,	B.,	Menning,	J.J.	and	Leplat,	P.,	1977,	Source	rock	characterization	methods	for	petroleum	exploration.	Procedures	of	the	1977	Offshore	Technology	Conference,	3,	p.	439-443.	Percival,	L.M.E.,	Witt,	M.L.I.,	Mather,	T.A.,	Hermoso,	M.,	Jenkyns,	H.C.,	Hesselbo,	S.P.,	Al-Suwaidi,	A.H.,	Storm,	M.S.,	Xu,	W.	and	Ruhl,	M.,	2015,	Globally	enhanced	mercury	deposition	during	the	end-Pliensbachian	and	Toarcian	OAE:	A	link	to	the	Karoo–Ferrar	Large	Igneous	Province.	Earth	and	Planetary	Science	Letters,	v.	428,	p.	267–280,	doi:10.1016/j.epsl.2015.06.064.	Riding,	J.B.,	Leng,	M.J.,	Kender,	S.,	Hesselbo,	S.P.	and	Feist-Burkhardt,	S,	2013,	Isotopic	and	palynological	evidence	for	a	new	Early	Jurassic	environmental	perturbation:	Palaeogeography,	Palaeoclimatology,	Palaeoecology,	v.	374,	p.	16–27,	doi:10.1016/j.palaeo.2012.10.019.			
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1.319818
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Indication of uncertainties: based on analyses of SDO-1
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0.002338
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2559-5
780.1
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1.685530
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0.002456
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2591-9
790
2111
57
200.0704
1.073221
0.462320
37
1.64
6.7400
0.001564
0.001564
Re (ppt)
1.7671
2624-7
800
1330
44
166.2177
1.160025
0.652490
23
1.25
5.5995
0.001690
0.001690
Os (ppt)
2.8645
2641-8
805.2
933
33
153.6493
1.114034
0.644876
16
0.95
5.1761
0.001623
0.001623
187Re/ 188Os
3.3688
2657-3
809.9
745
44
87.8490
0.803262
0.535021
13
1.27
2.9595
0.001170
0.001170
187Os/ 188Os
0.1457
2665-10
812.5
790
51
83.4372
1.052678
0.797908
14
1.46
2.8108
0.001534
0.001534
2679-3
816.6
1626
63
139.7647
1.137873
0.711111
29
1.82
4.7084
0.001658
0.001658
Absolute SDO values and error (2 standard deviations) assum
ing Toarcian age (183Ma)
2693-11
821.1
730
50
77.2209
0.922188
0.686400
13
1.44
2.6014
0.001344
0.001344
187Os/ 188Os(i)
4.080147±0.03091
2719-11
829
547
51
56.2872
0.862927
0.691058
10
1.47
1.8962
0.001257
0.001257
2723-9
830.2
894
60
78.7504
0.884888
0.644429
16
1.72
2.6529
0.001289
0.001289
2731-0
832.4
739
57
68.2457
0.766734
0.558350
13
1.62
2.2991
0.001117
0.001117
2740-5
835.3
1248
64
101.6235
0.737214
0.426914
22
1.83
3.4235
0.001074
0.001074
2769-4
844.1
1165
65
93.2704
0.704594
0.419799
21
1.85
3.1421
0.001027
0.001027
2793-2
851.4
780
54
75.9316
0.790830
0.558978
14
1.54
2.5580
0.001152
0.001152
2806-10
855.5
862
60
74.2376
0.739943
0.513263
15
1.73
2.5009
0.001078
0.001078
2818-4
859
820
70
60.4929
0.706510
0.521799
14
2.01
2.0379
0.001029
0.001029
2831-7
863.1
853
65
67.6752
0.670902
0.464260
15
1.86
2.2798
0.000978
0.000978
2839-1
865.4
2541
185
69.1374
0.496435
0.285329
45
5.31
2.3291
0.000723
0.000723
2854-0
869.9
2888
65
242.1997
1.149937
0.410397
51
1.86
8.1592
0.001675
0.001675
2881-2
878.3
2620
89
155.2922
0.821457
0.347282
46
2.54
5.2315
0.001197
0.001197
2897-0
883
3964
67
333.8279
1.452139
0.432818
70
1.92
11.2460
0.002116
0.002116
2925-0
891.5
2601
57
253.9199
1.320552
0.545225
46
1.63
8.5541
0.001924
0.001924
2942-8
896.9
3474
38
555.8834
2.092603
0.395250
61
1.08
18.7266
0.003049
0.003049
Blanks and Standards
Standards
Re conc (ppt)
Os conc (ppt)
187Re/ 188Os
187Os/ 188Os
187Os/ 188Osi
SDO–1
75837
583
1266.4885
7.956614
0.125614
SDO–1
76354
581
1278.3435
7.942469
0.038167
SDO-1 age (Ma)
370
SDO–1
77459
600
1256.2795
7.948661
0.180786
Average blank values (n=3)
1.483
0.732
0.186884
DTM 100pg Os averagevalues (n=6)
187Os/188Os =
0.174
Re solution standard (125ppt) average values (n=6)187Re/188Os =
1.672
Indication of uncertainties
Supplem
entary data C-2:  ICPMS data for Molybdenum
, Uranium
, and Alum
inium
Depth	(m
)
M
o	(ppm
)
U	(ppm
)
Al	(%
w
t)
Al	(ppm
)
M
o/Al
U/Al
M
oEF(Al)
UEF(Al)
2428
–
7
740.23
1.021
2.813
3.6660389
36660.389
2.78502E-05
7.67313E-05
2.062979463
2.318166735
2494
–
1
760.20
0.829
1.554
2.6712223
26712.223
3.10345E-05
5.81756E-05
2.298850508
1.757571449
2525
–
5
769.75
0.566
3.017
6.2085667
62085.667
9.11644E-06
4.85941E-05
0.675291544
1.468101104
2559
–
5
780.11
0.464
2.535
4.928731
49287.31
9.41419E-06
5.14331E-05
0.697347256
1.553870615
2591
–
9
789.97
0.9
2.498
4.9244047
49244.047
1.82763E-05
5.07269E-05
1.35380154
1.532536064
2624
–
7
799.97
0.423
2.95
5.9513235
59513.235
7.10766E-06
4.95688E-05
0.526493533
1.497547009
2641
–
8
805.18
0.462
2.778
6.186172
61861.72
7.46827E-06
4.49066E-05
0.553205152
1.356695101
2657
–
3
809.93
0.4
2.498
9.3874823
93874.823
4.26099E-06
2.66099E-05
0.31562914
0.803924583
2679
–
3
816.64
0.424
2.966
10.273349
102733.49
4.12718E-06
2.88708E-05
0.305717322
0.872230183
2693
–
11
821.11
0.412
2.6
9.3337168
93337.168
4.4141E-06
2.7856E-05
0.326970693
0.841570948
2719
–
11
829.03
0.546
3.28
8.3335549
83335.549
6.55183E-06
3.9359E-05
0.48532043
1.189092251
2731
–
0
832.41
0.524
3.416
8.9998787
89998.787
5.8223E-06
3.79561E-05
0.431281533
1.146708976
T–O
AE
2740
–
5
835.28
0.63
3.574
7.7442886
77442.886
8.13503E-06
4.61501E-05
0.602594623
1.394264036
T–O
AE
2754
–
8
839.62
0.651
2.928
6.0642886
60642.886
1.0735E-05
4.82827E-05
0.795183498
1.458690711
2769
–
4
844.09
0.645
3.356
7.4671474
74671.474
8.63784E-06
4.49435E-05
0.639839757
1.357810723
2777
–
2
846.48
0.448
3.168
7.91356
79135.6
5.66117E-06
4.00326E-05
0.419345847
1.20944265
2793
–
2
851.36
0.675
3.398
7.230741
72307.41
9.33514E-06
4.69938E-05
0.691492061
1.419752281
Pliensbachian
2806
–
10
855.52
0.681
3.643
8.2913094
82913.094
8.21342E-06
4.39376E-05
0.608401424
1.32741908
Pliensbachian
–Toarcian
2831
–
7
863.07
1.102
3.354
7.9994914
79994.914
1.37759E-05
4.19277E-05
1.020435245
1.266696844
–Toarcian
2854
–
0
869.90
1.476
2.902
4.8595877
48595.877
3.03729E-05
5.9717E-05
2.249847931
1.804138981
2881
–
2
878.18
0.878
2.11
3.3993803
33993.803
2.58282E-05
6.20701E-05
1.91320274
1.875230717
2897
–
0
883.01
1.633
2.897
4.0227731
40227.731
4.05939E-05
7.2015E-05
3.006954654
2.175679722
2917
–
2
889.15
1.488
1.899
3.0551243
30551.243
4.87051E-05
6.21579E-05
3.607781923
1.87788108
2942
–
8
896.92
2.692
1.559
1.4695192
14695.192
0.000183189
0.000106089
13.56956802
3.205109391
2967
–
0
904.34
1.869
2.873
3.7221059
37221.059
5.02135E-05
7.71875E-05
3.719519223
2.331948241
2999
–
10
914.35
1.287
2.184
1.8629564
18629.564
6.90837E-05
0.000117233
5.11731425
3.541783002
Archean	shale	standards
M
o/Al	=
0.0000135
U/Al	=
0.0000331
Sam
ple
Supplem
entary data C-3:  Carbon isotope data across the Pliensbachian–Toarcian boundary
Core
Core-depth	(m
)
d13Corg
%
C*
M
ochras
2817
–
8
858.825
-25.3
+1.1
M
ochras
2820
–
0
859.536
-25.2
+1.3
M
ochras
2822
–
2
860.196
-25.1
+1.5
M
ochras
2824
–
7
860.933
-26.7
+0.8
M
ochras
2826
–
5
861.492
-26.4
+1.1
M
ochras
2828
–
3
862.051
-26.6
+1.0
M
ochras
2830
–
7
862.762
-26.6
+0.9
M
ochras
2832
–
4
863.295
-26.8
+1.2
M
ochras
2833
–
6
863.65
-25.9
1.3
M
ochras
2835
–
5
864.24
-26.3
1.0
M
ochras
2837
–
8
864.92
-25.6
1.5
M
ochras
2839
–
1
865.35
-25.6
1.7
M
ochras
2841
–
3
866.01
-25.6
1.4
M
ochras
2843
–
8
866.75
-25.7
1.3
M
ochras
2845
–
6
867.31
-25.4
1.5
*	%
C	post	decarbonation
Sam
ple
Supplem
entary data C-4:  Mercury and Total Organic Carbon (TOC) data from
 above the T-OAE
Depth	(m
)
TO
C	(%
w
t)
Hg	(ppb)
Hg	(ppm
)
Hg/TO
C
2507
–
1
764.159
0.72
40.5
0.0405
0.05625
2511
–
1
765.378
0.68
37
0.037
0.05441
2515
–
5
766.699
0.87
30
0.03
0.03448
2520
–
3
768.172
0.79
46.5
0.0465
0.05886
2524
–
4
769.417
0.7
38.5
0.0385
0.05500
2528
–
6
770.687
0.82
48.5
0.0485
0.05915
2532
–
10
772.008
0.94
48
0.048
0.05106
2536
–
10
773.227
0.84
76
0.076
0.09048
2540
–
11
774.471
0.67
34
0.034
0.05075
2546
–
3
776.097
0.71
53.6666667
0.05366667
0.07559
2550
–
7
777.418
0.57
47.5
0.0475
0.08333
2554
–
4
778.561
0.73
71.5
0.0715
0.09795
2558
–
4
779.780
0.68
40.5
0.0405
0.05956
2562
–
5
781.025
0.45
34.5
0.0345
0.07667
2566
–
5
782.244
0.64
49.5
0.0495
0.07734
2570
–
9
783.565
0.85
44.5
0.0445
0.05235
2574
–
8
784.758
0.71
51.5
0.0515
0.07254
2578
–
7
785.952
0.76
49
0.049
0.06447
2582
–
8
787.197
0.84
63
0.063
0.07500
2586
–
9
788.441
1.1
83
0.083
0.07545
2590
–
7
789.610
0.68
48
0.048
0.07059
2594
–
6
790.804
0.71
57
0.057
0.08028
2598
–
7
792.048
1.01
53.5
0.0535
0.05297
2604
–
0
793.699
0.65
40.5
0.0405
0.06231
2607
–
8
794.817
0.84
44.5
0.0445
0.05298
2611
–
9
796.061
0.92
40.5
0.0405
0.04402
2615
–
1
797.077
0.62
35
0.035
0.05645
2619
–
4
798.373
0.5
29.5
0.0295
0.05900
2623
–
11
799.770
0.72
58.5
0.0585
0.08125
2626
–
3
800.481
0.96
50.5
0.0505
0.05260
2629
–
7
801.497
0.71
30
0.03
0.04225
2634
–
3
802.919
1.44
71.5
0.0715
0.04965
2638
–
10
804.316
0.92
39
0.039
0.04239
2642
–
8
805.485
0.77
39
0.039
0.05065
2646
–
9
806.729
0.68
46
0.046
0.06765
2651
–
7
808.203
1.03
42
0.042
0.04078
2655
–
3
809.320
0.95
48
0.048
0.05053
2659
–
2
810.514
0.81
41.5
0.0415
0.05123
Sam
ple
Supplement D: Approximating weathering rate changes from 187Os/188Os 
 
 
Because osmium has an ocean residence time of 10,000–50,000 years, it may be assumed to be 
well mixed within a certain water mass. 
 
Sinks: 
 Being well mixed, it may be assumed that osmium drawn down to sediments will have the same 
isotopic ratio as the seawater at that time (a fundamental principle of osmium isotope stratigraphy). 
Therefore, 187Os/188Ossw ≡ 187Os/188Ossediment ≡ 187Os/188Os(i). 
 
Sources: 
 Unradiogenic osmium is supplied chiefly by hydrothermal activity from submarine volcanism, 
mainly Mid Ocean Ridge Basalts (MORB), with subsidiary input from weathering of Continental Flood 
Basalts and cosmogenic input (both assumed to be negligible through most of geological time). All 
unradiogenic sources have 187Os/188Os of a0.12. 
 
 Radiogenic osmium is supplied chiefly by weathering of continental crustal material, which in the 
modern has 187Os/188Os of a1.4. 
 
Overall: 
 Therefore, since a water mass may be assumed to be well mixed with only two major inputs, 
osmium mixing in the global ocean may be calculated as a proportion of those two end-members (see 
figure 1 and equations 1 and 2). 
 
Where a and b represent proportional fluxes of radiogenic and unradiogenic (respectively) 
osmium to the ocean: 
 
1.                                                                                      a + b = 1 
 
2.                                                                             1.4a + 0.12b = sw 
 
sw is known from the 187Os/188Os(i) data generated from a sample, allowing a and b to be solved. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OCEAN 
187Os/188Os = sw a) Continental weathering (radiogenic) 187Os/188Os a 1.4 
b) Hydrothermals (MORB) (unradiogenic) 187Os/188Os a 0.12 
 
Using the equations 1 and 2 for the 187Os/188Os(i) data from Mochras, the following may be calculated: 
 
 
Upper Pliensbachian: 
  
187Os/188Os(i) = 0.40 
? 
1.4a + 0.12b = 0.40 
a + b = 1 
? 
b = 0.78, a = 0.22 
b = 3.57a 
 
Pliensbachian–Toarcian boundary: 
  
187Os/188Os(i) = 0.53 
? 
1.4a + 0.12b = 0.53 
a + b = 1 
? 
b = 0.68, a = 0.32 
b = 2.12a 
 
Upper tenuicostatum Zone: 
  
187Os/188Os(i) = 0.42 
? 
1.4a + 0.12b = 0.42 
a + b = 1 
? 
b = 0.77, a = 0.23 
b = 3.26a 
 
Toarcian OAE: 
  
187Os/188Os(i) = 0.68 
? 
1.4a + 0.12b = 0.68 
a + b = 1 
? 
b = 0.56, a = 0.44 
b = 1.28a 
 
Weathering rates: 
  
 Over geologically short timescales, submarine hydrothermal input from MORB may be assumed 
to be constant; therefore, any change in the ratio b/a must be due to changes in a (i.e. continental 
weathering rates). 
 
Therefore, for the Pliensbachian–Toarcian boundary: 3.57a/2.12a = 1.68 ? a70% increase. 
For the Toarcian OAE: 3.26a/1.28a = 2.58 ? a160% increase. 
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